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This report presents a mathematical model which has been developed to describe the intraocular 
disposition of pilocarpine following topical dosing in rabbits. The model uses experimentally 
determined parameters such as rates of tissue uptake of drug and equilibrium distribution 
coefficients. Differential mass balance equations for pilocarpine in the cornea, aqueous humor, 
iris-ciliary body, and lens were written and solved numerically. Measured tear concentrations, 
following topical dosing with pilocarpine, were fit by a monoexponential curve and used as the 
forcing function for the model. By using a combination of known physiological and experimentally 
determined parameters, predictions of intraocular tissue levels of pilocarpine were made. These 
predictions were then compared to experimentally determined concentration-time profiles. 

KEY WORDS: pilocarpine; intraocular tissues; pharmacokinetic model; mass transfer; 
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I N T R O D U C T I O N  

Several pharmacokinetic models have been developed in recent years 
to describe the time course of pilocarpine in the eye following topical 
dosing (1-3). For the most part, the predictive ability of these models has 
been limited to descriptions of aqueous humor levels of pilocarpine obtained 
after topical ocular dosing. For pilocarpine, and probably a number of 
other ocular drugs, evidence suggests that drug levels achieved in tissues 
surrounding the anterior chamber are markedly different from aqueous 
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humor drug levels (2). Since pharmacologic sites of action are often located 
in these tissues, it becomes particularly important to understand the distri- 
bution and movement of drugs in these areas. 

In 1978, a preliminary physiologically based pharmacokinetic model 
was developed to describe the ocular disposition of pilocarpine in albino 
rabbits (1). In the model, the eye was depicted as consisting of two basic 
compartments, the tears or precorneal fluid, and the aqueous humor. This 
model was the first attempt to describe drug disposition in the eye by 
something other than a one-compartment open model. Although simplified 
in form, the model's major advantage over a classical pharmacokinetic 
description was that it used physiologically meaningful and experimentally 
verifiable parameters to describe ocular drug disposition. 

More recently, Lee and Robinson used a similar approach to provide 
a more extensive description of the ocular pharmacokinetics of pilocarpine 
(3). In addition to predicting drug concentration-time profiles in the aqueous 
humor, their model provided a description of drug movement through the 
cornea, as well as a more complete representation of the factors influencing 
precorneal drug loss. 

To date, however, no attempt has been made to comprehensively 
describe the disposition of pilocarpine in the internal tissues of the eye. 
The model presented herein was developed to provide a better understand- 
ing of the fate of pilocarpine, once it reaches the aqueous humor. To that 
end, a combination of in vitro and in vivo techniques were used to quantitate 
the various phenomena affecting the movement and distribution of pilocar- 
pine within the eye. 

EXPERIMENTAL 

Concentration Versus Time Profiles 

All rabbits used in the study were male, New Zealand white (Small 
Stock Industries, Pea Ridge, Ark.), ranging in age from 56 to 65 days. 
Prior to experimentation, the rabbits were housed in standard cages and 
allowed food and water ad libitum. During the experiments, rabbits were 
kept in restraining boxes which maintained their normal upright position. 

Radiolabeled 3H(G)-pilocarpine alkaloid (New England Nuclear, 
Boston, Mass.) (10.0 Ci/mmol) was received in ethanol and was evaporated 
to dryness several times prior to use to remove any solvent that had become 
tritiated by exchange (4). Using TLC (5), the radiochemical purity was 
determined to be 97%. Radiolabeled pilocarpine nitrate solutions were 
prepared in isotonic Sorensen's phosphate buffer. The final pH of the drug 
solutions was 7.2. 
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Rabbits were dosed topically with 25/xl of 1.00 x 10 .2 M pilocarpine 
nitrate. At various times postinstillation, rabbits were sacrificed with an 
intravenous overdose of pentobarbital sodium. Experimental details for 
the determination of pilocarpine in ocular fluids and tissues have been 
reported elsewhere (6). 

Precorneai Loss of Piiocarpine 

Lacrimal fluid samples were collected into 1/~1 microcapillary tubes 
after the topical instillation of 25/M of 1.00 x 10-2M pilocarpine nitrate, 
pH 7.2. Samples were taken at 1 min intervals for the first 5 rain postin- 
stillation. 

The filled capillary tubes were placed directly in polyethylene minivials 
containing 5 ml of Aquasol | (New England Nuclear, Boston, Mass). Prior 
to counting, samples were stored in the dark for 24 hr. After correcting 
for background radiation, drug concentrations in the samples were deter- 
mined using standard drug solutions, prepared in the same manner. 

pH Determination in Lacrimal Fluid 

The pH of the normal, resident lacrimal fluid was determined in vivo 
by the use of sensitive pH indicator sticks (ColorpHast, E. Merck, Darm- 
stadt, Germany), cut into strips approximately 1 • 5 ram. In a second series 
of experiments, the change in lacrimal fluid pH, as a function of time, was 
determined following the topical instillation of 25/zl of 1.00• 10 2M 
pilocarpine nitrate, pH 7.2. 

In Vitro Incubation of Ocular Tissues with Aqueous Pilocarpine 
Solutions 

The following experiments were designed to estimate the rate of 
exchange (clearance) of pilocarpine between an aqueous solution and ocular 
tissues such as the cornea, iris-ciliary body, and lens. Due to the existence 
of parallel pathways in vivo, it is often difficult to quantitate the kinetics 
of drug movement within the eye for a specific pathway. Therefore, it was 
felt that an isolated, in vitro system might be useful for estimating the rate 
of drug transfer between ocular fluids such as the tears or aqueous humor 
and a particular ocular tissue. 

A second aspect of these experiments was to determine the extent of 
interaction of pilocarpine with these tissues by quantitating their equi- 
librium distribution coefficients. If the drug-tissue interaction is linear, that 
is, the fraction of drug bound remains relatively constant over a wide range 
of drug concentration, the product of the equilibrium distribution coefficient 
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and the total volume of a particular tissue, summed over all of the tissues, 
can provide an estimate of the volume of distribution for drug in the eye. 
A mathematical description of the experimental system and the method 
used to obtain the parameters of interest are given in Appendix A. 

Immediately after sacrifice of the animal, the cornea, iris-ciliary body, 5 
and lens were dissected from each eye, blotted, and transferred to tared, 
V-shaped gtass vials. The vials were reweighed, and the wet tissue weights 
were determined by difference. Two hundred and fifty/xl of 5.00 x 10 -s M 
pilocarpine nitrate (pH 7.2) were added, and the vials were sealed with 
teflon-lined screw caps. The samples were incubated at 33~ for varying 
lengths of time up to a period of 5 hr. At a preselected time, the drug 
solution (incubate) was drawn off the tissue and transferred to a glass vial. 
A 150/zl aliquot of this solution was placed in a microultrafiltration cell 
(MRA, Clearwater, Fla.), which was preassembled with a 10,000 MW cutoff 
filter (PM-10, Arnicon Corporation, Lexington, Mass.). The cell was press- 
urized with nitrogen, and the filtrate from each sample was collected. The 
samples were filtered to remove any water soluble protein that might have 
diffused from the tissues during incubation. The presence of these proteins 
in the incubate could cause an overestimate of free drug concentration 
since these soluble proteins have the potential to bind drug. Filtrate aliquots 
were transferred to minivials containing 5 ml of Aquasol | Prior to count- 
ing, samples were stored in the dark for 24 hr. CPM were corrected for 
background radiation, and drug concentrations in the incubates were deter- 
mined using standard drug solutions treated in the same manner. Tissue 
drug concentrations were determined by difference. 

In Vitro Metabol ism of Pilocarpine by Rabbit Ocular Tissues 

The possibility of metabolism or degradation occurring during the 
course of these experiments was investigated by determining the radio- 
chemical purity of the pilocarpine nitrate solutions before and after incuba- 
tion with the cornea, iris, and lens. This was accomplished using TLC and 
radiochromatographic scanning of the developed plates. The extent of 
metabolism/degradation was assessed by comparing the radiochemical 
purity of the drug solution before and after incubation for the period of 
time required for attainment of apparent equilibrium for each of the tissues. 

For the cornea, it appeared that about 90% of the radioactivity in the 
incubate was still in the form of pilocarpine after 2 hr of incubation at 
33~ After incubation of an iris for a period of 3 hr, approximately 70% 
of the radioactivity in the incubate was in the form of pilocarpine. 

5In the following discussion, any reference to observations made for the iris implies that the 
tissue was comprised of both the iris and ciliary body. 
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Metabolism appeared to be the slowest in the lens, with 90% of the 
radioactivity still attributable to pilocarpine after an incubation period of 
4 hr. 

From these studies, it was apparent that some metabolism did occur 
during the course of the in vitro incubation studies. For the cornea and 
lens, the metabolism did not appear to be extensive during the time course 
of these experiments. For the iris, approximately 30% of the drug appeared 
to be metabolized within 3 hr. Thus the value of the equilibrium distribution 
coefficient for pilocarpine between aqueous solutions and the iris could be 
in error if the apparent distribution characteristics of pilocarpine and its 
metabolites differ significantly. 

R E S U L T S  

Concentration versus time profiles for pilocarpine in the aqueous 
humor, cornea, iris-ciliary body, and lens, following the topical instillation 
of 25/zl of 1.00 x 10 -2 M pilocarpine nitrate, pH 7.2, have been reported 
elswhere (6). Table I lists the average concentration of pilocarpine in the 
precorneal area as a function of time under the same dosing conditions. 
The change in concentration of pilocarpine in the precorneal area, as a 
function of time, appeared to follow first-order behavior. The apparent 
first-order rate constant associated with the loss of pilocarpine from the 
precorneal area was 0.42 min -1, in good agreement with the value of 
0.43 min -1 reported by Lee and Robinson (3). 

Table I. Average Concentration a of 
Pilocarpine in the Precorneal Area Fol- 
lowing the Topical Instillation of 25 gl of 
1.00 x 10 2 M Pilocarpine Nitrate, pH 7.2 

Pilocarpine, 
Time in txg per ml 
(min) of tears 

1 880 (160) b 
2 500 (150) 
3 420 (110) 
4 220 (100) 
5 160 (50) 

a Concentrations are based on pilocarpine 
alkaloid and refer to the average of seven 
determinations. 

bNumbers in parentheses refer to the stan- 
dard error of the mean. 
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Table II. Lacrimal Fluid pH as a Function 
of Time Following the Topical Instillation 
of 25M of 1 .00x l0 -  M Pilocarpine 

Nitrate, pH 7.2 

Time 
(rain) Lacrimal fluid pH" 

1 7.18 (0.016) b 
3 7.18 (0.045) 
6 7.16 (0.018) 

10 7.25 (0.027) 
15 7.35 (0.042) 

aLacrimal fluid pH is reported as the 
average of eight determinations. 

bNumbers in parentheses refer to the stan- 
dard error of the mean. 

The lacrimal fluid pH, observed as a function of time, following the 
administration of 25/xl of 1 .00x 10-2M pilocarpine nitrate, pH7 .2 ,  is 
reported in Table II. Normal lacrimal fluid pH in 60 day old rabbits was 
determined to be 7.49 (SEM = 0.03, n = 16). This value is in reasonable 
agreement with the value of 7.42 recently reported by Keller et al. (7). 
From the data in Table II, it can be seen that upon the administration of 
pilocarpine nitrate, the pH of the lacrimal fluid was depressed to that of 
the instilled solution. Even as long as 15 rain postinstillation, the pH of 
the tear fluid had not returned to its normal value. 

Figure 1 is a plot of CT/C~ versus time for the incubation of corneas 
in aqueous solutions of pilocarpine, where Cr  is the total concentration of 
drug in the tissue, and CI is the total concentration of drug in the incubate 
at any given time. This plot can be described by the following theoretical 
equation (taken from Appendix A): 

CT VIR (1 - e -)") 
- -  = ( 1 )  
CI Vt + VTR e -~t 

where 

T( VI + VTR ) 
x -  

VI VTR 

In Fig. 1, the open circles represent the average experimental values for 
CT/C~, based on one to four determinations at each time point. Bars 
represent the standard error of the mean. The solid line represents the 
values for CT/C~ generated by solving Eq. (1) as a function of time, using 
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Fig. l. Concentration (cornea)/concentration (incubate) versus time for the in vitro 
equilibration of ocular tissue from 60 day old rabbits (open circles represent experi- 
mental data, bars indicate standard error of the mean, solid line represents the 
theoretical curve). 
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the experimental ly  de te rmined  values of R and y, which were obta ined  as 
described below. 

For  the cornea,  a t-test was used to de termine  that  there was no 
statistically significant difference be tween Cr/Cz at 120 rain and CT-/Cx at 
300 min (the highest and lowest values). Therefore ,  for  the cornea,  all of 
the individual values of Cr/Cr obta ined at 120, 180, 240, and 300 min 
were averaged to obtain an est imate of R. The  calculated equil ibrium 
distribution coefficient for the cornea  was 1.81. 

The  values of Cr/C~ obta ined for the iris are shown in Fig. 2. The  iris 
tissues took  slightly longer than the corneas to reach an apparen t  equi-  
librium value, since the quot ient  of Cr/Cr did not approach  a constant  
until about  3 hr. The  equil ibrium distribution coefficient de te rmined  for 
the iris, based on all of the individual observat ions  at times 180 min and 
beyond,  was 2.00. 

A plot of Cr/CI versus time for the lens is shown in Fig. 3. F r o m  this 
plot, it can be seen that  the lens required a longer  t ime than ei ther  the 
cornea  or  iris to attain apparen t  equilibrium. The  equil ibrium distribution 
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Fig. 2. Concentration (iris-ciliary body)/concentration (incubate) versus time for the 
in vitro equilibration of ocular tissue from 60 day old rabbits (open circles represent 
experimental data, bars indicate standard error of the mean, solid line represents the 
theoretical curve). 

coefficient for the lens was determined on the basis of Cr/(21 values observed 
at 240 and 300 rain. The calculated value was 1,00. 

From these studies, it appeared that mong these tissues, pilocarpine 
has the greatest affinity for the iris-ciliary body, followed by the cornea 
and the lens. Due to the ionizability of pilocarpine, its partitioning behavior  
between aqueous solutions and ocular tissues might be p H  dependent .  This 
aspect, however,  was not investigated. Since the purpose of these studies 
was to estimate the partitioning behavior  with respect to the aqueous humor  
and internal ocular tissues, all tissues were incubated with a solution 
buffered at a p H  of 7.2. 

The interaction of pilocarpine with plasma protein has been investi- 
gated, and over the 100-fold range of concentration (1 x 10 .6 to I x 10 -4 g) ,  
the fraction bound was found to be approximately 0.27 (8). Due to this 
finding, for the purposes of this study, it was assumed that the interaction 
of pilocarpine with ocular tissues is also linear. Linear drug-tissue interac- 
tion, however,  is an assumption that should be verified, and the binding 
of drugs to ocular tissues is an area of research that warrants further 
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Fig. 3. Concentittion (lens)/concentration (incubate) versus time for the in vitro 
equilibration of ocular tissues from 60 day old rabbits (open circles represent experi- 
mental data, bars indicate standard error of the mean, solid line represents the 
theoretical curve). 

investigation. The results of the equilibrium distribution coefficient determi- 
nations for pilocarpine between aqueous solutions buffered at p H  7.2 and 
the cornea, iris-ciliary body, and lens are summarized in Table III. 

The product of these equilibrium distribution coefficients and the total 
tissue volume was used to estimate an apparent tissue volume of distribution 
for pilocarpine. These individual volumes were summed, over all of the 
tissues, to obtain an apparent ocular volume of distribution for pilocarpine. 
The apparent volume of distribution for pilocarpine calculated in this 
manner was about 1.8 ml This value was obtained by multiplying the 
equilibrium distribution coefficients determined for the cornea, iris-ciliary 
body, and lens by the average weight of these tissues (6). Volumes of 
distribution were determined for the aqueous humor and the vitreous 
humor using the average volumes of these fluids (6, 9), assuming a distribu- 

6 tion coefficient of one. 

6To assume a distribution coefficient of 1 is probably reasonable, since these tissues are >99% 
water. 
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Table IlL Equilibrium Distribution Coefficients for Pilocarpine Between Ocular Tissues 
and pH 7.2 Phosphate Buffer 

Equilibrium 
distribution 95 % Time required to 
coefficient Confidence reach apparent 

(R) interval for R equilibrium 

Cornea 1.81 (0.10) a 1 .61~2 .01  2 hr 
[16] b 

Iris-ciliary body 2.00 (0.08) 1.82 ~-~ 2.18 3 hr 
[12] 

Lens 1.00 (0.05) 0.87 ~ 1.13 4 hr 
[7] 

aNumbers in parentheses refer to the standard error of the mean. 
bNumbers in brackets refer to the number of determinations on which R was based. 

In order to estimate y, the mass transfer coefficient for drug between 
the incubate and a particular ocular tissue, the value of R, and the equi- 
librium distribution coefficient must be known. The following equation 
(from Appendix A) describes the concentration of drug in the incubate as 
a function of time: 

CoV, CoVTR 
(3I VI + VTR + V1 + VrR e x p  I_ \ VIVTR / (2) 

Equation (2) was rearranged, as shown below, to obtain a form suitable 
for plotting: 

RVtVr l n [Cz (Vr+  VTR)-CoV,]  
Vr + VTR Co VTR = - y t  (3) 

If the left-hand side [LHS] of this equation is plotted against time, the 
negative of the slope of the line is equal to y. 

Since R is an experimentally obtained parameter, an error is associated 
with its determination. Table III lists the 95% confidence interval for the 
experimentally determined values of R. To obtain estimates for the value 
of y, the best estimate of R and its upper and lower 95% confidence limits 
were used in Eq. (3). In all cases, Vz, the volume of the incubate, was 
0.250ml, and Co, the initial drug concentration in the incubate, was 
5.00 X 10 -5 M. CI, the total concentration of drug in the incubate at any 
given time t, and Vr, the volume of the tissue, were assigned various values 
based on the individual, observed concentrations and experimentally deter- 
mined weights. 7 

7It was assumed that the densities of the drug solutions were equal to 1 g/ml. 
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For each observation, the three values of R for a particular tissue 
were used in Eq. (3), and the LHS was regressed on time using restricted 
least-squares regression analysis (10) such that the line passed through the 
origin. For each tissue, these analyses were done using each of the individual 
observations for Cx, for all times up to and including the apparent equilibra- 
tion time (see Table I][I). 

For each tissue, use of the calculated R value and its upper and lower 
95% confidence limits provided three different estimates for % In addition, 
due to scatter in the experimental data, each of the three regression 
coefficients for a particular tissue had an error term associated with its 
determination. This error term was used to calculate the 95% confidence 
interval for each of the three regression coefficients. These calculations 
lead to an upper and lower 95% confidence limit for each of the original 
three regression coefficients, obtained by using the three estimates of R 
(i.e., the average and upper and lower 95% confidence limits) in Eq. (3) 
for each of the ocular tissues. 

As a result of the above analysis, for each tissue, nine regression 
coefficients were generated. Three of these arose from assigning three 
different values to R in Eq. (3). The other six coefficients resulted from 
the 95% confidence limits (upper and lower) of the three regression 
coefficients originally determined. Table IV is a summary of the extreme 
upper and lower 95% confidence limits (see below) for ,/ as well as the 
best estimate for this parameter  [obtained by using the average values for 
R listed in Table III in Eq. (3)]. 

Table IV. Mass Transfer Coefficients, % Associated with the Overall Move- 
ment of Pilocarpine from Aqueous solutions (pH 7.2) into Ocular Tissues ~ 

Lower limit Estimate Upper limit 

Cornea 0.75 1.06 1.24 
(2.01) 6 (1.81) (1.81) 
[21] r [21] [21] 

Iris-ciliary body 0.47 0.92 1.24 
(2.18) (2.00) (2.00) 
[30] [27] [27] 

Lens 1.36 2.08 2.34 
(1.13) (1.00) (0.87) 
[31] [30] [27] 

aparameters are reported in units of/xl/min. 
6Numbers in parentheses refer to the value of R used in the regression 
analysis. 

C Numbers in brackets refer to the number of observations used in the 
calculation of the regression line. 
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If the value of R used in the LHS of Eq. (3) was not sufficiently large, 
the numerator of the bracketed term became negative, which made it 
meaningless since the natural logarithm of this term had to be taken. In 
all instances when this occurred, that data point was not used in the analysis. 
For all of the tissues, the extreme lower limit of 3/ arose from the lower 
95% confidence limit of the regression coefficient obtained by using the 
upper 95% confidence limit for R in Eq. (3). It would be expected that 
the extreme upper limit for 3' would be obtained from the upper 95% 
confidence limit of the regression coefficient obtained by using the lower 
95% confidence limit for R in Eq. (3). However,  for the cornea and lens, 
the extreme upper limit for 3" arose from the use of the average value for 
R in Eq. (3). For these tissues, some of the data were excluded from the 
analysis as described above. For each of the ocular tissues, the individual 
observations for CI were used in Eq. (3), along with the average value of 
R, to evaluate the LHS of this expression as a function of time to obtain 
the best estimate for 3/. 

The best estimate of 3' listed in Table IV for the individual ocular 
tissues and the equilibrium distribution coefficient listed in Table III were 
used in Eq. (1) to generate the theoretical values of Cr/Cz shown previously 
by solid lines in Figs. 1-3. Before use in the model, the mass transfer 
coefficients obtained from the in vitro studies were adjusted for surface 
area and pH of the bathing solution as discussed below. 

M O D E L  

D e v e l o p m e n t  

A schematic of the proposed model for the intraocular disposition of 
pilocarpine is shown in Fig. 4. The eye was depicted as consisting of five 
major compartments; the precorneal area, cornea, aqueous humor, iris- 
ciliary body, and lens. 

In the model, it was assumed that drug movements between compart- 
ments were reversible processes. As discussed below, drug elimination from 
the eye (leading ultimately to the systemic circulation) was assumed to 
occur only from the aqueous humor and iris-ciliary body. In Fig. 4, aqueous 
humor turnover is indicated by the parameter QAH, and kAu represents 
facilitated drainage due to the pharmacologic action of piloearpine on 
outflow. Drug loss from the iris-ciliary body, attributed to intraocular 
venous circulation, is represented by Kz. 

Although admittedly a simplified approach, all compartments in the 
model were treated as being homogeneous. For each of the compartments, 
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Fig. 4. Schematic of the proposed model for the 
intraocular disposition of pilocarpine. 

Precorneal Area 

I kr,c 

[ Cornea 
I kAH,C 

~AqueousHumor I QA I 

differential mass balance equations were written for pilocarpine as described 
in Appendix B. 

Total  Ocular Clearance  of Pi locarpine  

In all previous models for the ocular disposition of pilocarpine (1-3), 
drug elimination from the eye was assumed to occur from either the 
precorneal area or anterior chamber. In the model proposed by Himmel- 
stein et al. (1), a value of 0.66 ~1 rain -1 was assigned to tear turnover (11). 
Drug loss from the anterior chamber was described by a lumped, first-order 
clearance parameter  and assigned a value of 7.5 #1 rain -1. This average 
clearance was obtained by multiplying the volume of the anterior chamber 
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by the apparent elimination rate constant for pilocarpine from the aqueous 
humor, using experimentally observed aqueous humor concentrations fol- 
lowed for a period of 2 hr after topical dosing. It now appears, however, 
that the apparent elimination phase of pilocarpine from the aqueous humor 
during short-term studies (i.e., up to 2 hr postinstillation) reflects both 
distribution and elimination (2,12). It has been shown (2) that if aqueous 
humor drug levels observed following topical dosing are followed for longer 
periods of time (e.g., up to 12 hr), the declining portion of the concentration- 
time curve is multiexponential. A similar observation has been made when 
aqueous humor levels of pilocarpine are followed for long periods of time 
following intracameral injection. 8 For both routes of drug administration, 
the terminal decline in aqueous humor levels of pilocarpine appeared to 
have an associated first order rate constant which is about 0.004 min -1. 
The aqueous humor concentrations of pilocarpine with which this rate 
constant were associated were of the order of magnitude of 10 -8 M. 

In the model proposed by Lee and Robinson (3), drug loss from the 
precorneal area was described as occurring by two processes: normal tear 
turnover and nonproductive elimination. Tear turnover was assigned a 
value of 0.66/zl min -1 (11), and a value of approximately 8/zl min -1 was 
assigned to nonproductive drug loss. The elimination of pilocarpine from 
the aqueous humor was described as occurring at a rate of about 4 tzl min -a. 
Therefore, it initially appeared that the total clearance of pilocarpine from 
the eye as described in the model by Lee and Robinson (3) was about 
12-13/xl min -i. However, their studies also indicated that the clearance 
of pilocarpine between the precorneal area and the cornea was about 
0.1 ~1 min -~. Thus if the postdistributive elimination of pilocarpine from 
the aqueous humor is considered, the movement of drug from the cornea 
to the precornial area, or "back-diffusion," would represent a rate-limiting 
step for drug elimination from the eye. Therefore, despite the fact that the 
precorneal clearance of pilocarpine appeared to be very large, at late times, 
clearance from the precorneal area contributed little to the total ocular 
clearance of pilocarpine. Therefore, precorneal drug elimination was not 
explicitly included in the present development. 

If it was assumed that by 12 hr the ocular distribution of pilocarpine 
was complete, and that aqueous humor concentrations of pilocarpine on 
the order of 10 -8 M were too low to exert a pharmacologic effect on aqueous 
humor turnover (see below), it appears that the total ocular clearance of 
pilocarpine was approximately 8/ .dmin -a. This clearance value was 
obtained by multiplying the apparent ocular volume of distribution for 
pilocarpine by its terminal elimination rate constant. Normal aqueous 

8R. D. Gokhale and T. F. Patton, unpublished data. 
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humor turnover can only account for approximately 3/xl min 1 of this total 
clearance (13). Other possible pathways of drug elimination include precor- 
neal loss, vitreous humor turnover, and drug removal through intraocular 
venous circulation. The recent work of Lee and Robinson (3) indicated 
that the precorneal clearance of pilocarine via nonproductive pathways is 
quite rapid. Nonetheless, these pathways cannot contribute substantially 
to the terminal elimination of drug from the aqueous humor since the 
clearance of pilocarpine between the cornea and tear fluid is a rate-limiting 
process. 

In rabbits, it has been shown that some loss of ocular fluid does occur 
via posterior drainage of the vitreous humor (14). However, little quantita- 
tive information is available regarding the movement of drugs into and 
from this fluid. In addition, despite the relatively large volume of the 
vitreous humor, under the dosing condition considered here, vitreous humor 
drug concentrations are low, relative to concentrations in the other ocular 
tissues (6). On the average, drug present in the vitreous humor accounts 
for less than 5% of the total amount of drug in the eye (6). Therefore, it 
was assumed that vitreous humor turnover was insignificant when 
considering the total ocular clearance of pilocarpine. 

It has been shown that blood flows through the rabbit uvea at approxi- 
mately 2 ml min -1 (15). However, since the blood-aqueous barrier is located 
in this tract, it is unlikely that drug clearance through the uvea would 
approach this rate. Nonetheless, it is likely that some drug is removed from 
the eye by this route. In the model, it was assumed that in addition to 
aqueous humor turnover, drug loss via intraocular blood flow represented 
the only major route of drug elimination from the eye. Its contribution to 
total drug clearance was assessed to be approximately 5/zl min -1. This 
represents the difference between the total ocular clearance of pilocarpine 
(at aqueous humor drug levels of 10 8M or less) and clearance due to 
normal aqueous humor turnover. 

Influence of Pilocarpine on Aqueous Humor Outflow 

Comparison of a number of aqueous humor concentration-time profiles 
for pilocarpine, obtained under a variety of topical dosing conditions in 
rabbits (i.e., different drug concentrations and instilled solution volumes), 
suggests that the ocular pharmacokinetics of pilocarpine are dose dependent 
(1,16). 9 For short duration studies, the rate constants describing the post- 
peak apparent elimination vary as a function of aqueous humor drug levels. 
That is, the higher the level of pilocarpine in the aqueous humor, the more 

9T. F. Patton, unpublished data. 
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rapidly the drug is eliminated. It follows, therefore, that for a given dosing 
volume, the AUC would not be directly proportional to the applied dose. 
This has also been observed. 

It is now recognized that what was termed the elimination phase in 
many previous studies is actually a postpeak apparent elimination phase 
that reflects both distribution and elimination (12). Nonetheless, assuming 
that tissue distribution processes are first-order, the overall dose-dependent  
elimination of pilocarpine (i.e., the higher the drug concentration, the more 
rapid the elimination) is consistent with the fact that pilocarpine can enhance 
aqueous humor outflow. 

To quantitate the pharmacologic effect of pilocarpine on aqueous 
humor turnover, it was necessary to identify dose/response parameters. It 
was not appropriate to use the topically applied dose since the fraction of 
dose absorbed is dependent  on the instilled solution volume (16). Thus the 
apparent peak concentration was used as a measure of the effective dose. 
The pharmacologic site of action of pilocarpine is presumed to be in the 
iris-ciliary body. Nonetheless, it can be assumed that an apparent equili- 
brium exists between drug levels in this tissue and the aqueous humor. 
Little information exists relative to the pharmacokinetics of pilocarpine in 
the iris. Thus it had to be assumed that drug levels in the iris could be 
correlated with aqueous humor drug levels. 

The pharmacologic "response" of the eye to doses of pilocarpine was 
determined as follows: "postpeak"  clearances were obtained by multiplying 
experimentally observed apparent drug elimination rate constants (1,16), 1~ 
reflective of both tissue distribution and drug elimination, by the volume 
of distribution. From these values, the value of 8/zl rain -1 (the clearance 
of pilocarpine in the absence of a pharmacologic effect) was subtracted to 
obtain the residual clearance. The residual clearance was used as a measure 
of "response,"  and was attributed to the ability of pilocarpine to facilitate 
aqueous humor outflow. The residual clearance was plotted against the 
logarithm of the apparent peak concentration for a given profile as shown 
in Fig. 5. Although the data available are somewhat limited, there does 
appear to be a linear relationship between the residual clearance and the 
logarithm of the apparent peak concentration observed after a variety of 
dosing conditions. From this relationship, it appears that the residual 
clearance or pharmacologic effect of pilocarpine on aqueous outflow would 
cease to exist at aqueous humor concentrations of pilocarpine less than 
0.015/xg m1-1. This is consistent with the previous assumption that aqueous 
humor concentrations of pilocarpine that are of the order of 10 -8 M do not 
have a significant effect on aqueous humor turnover. 

1~ footnote 5 above. 
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Fig. 5. Residual ocular clearance of pilocarpine versus the logarithm of the peak 
aqueous humor concentration (residual clearance= 16.5 IOgCA• +30, p < 
0.005). 

M o d e l  E v a l u a t i o n  

Table V lists the values assigned to the various parameters in the 
solution of the model. Values for tissue weights (volumes) were taken from 
ref. 6. These parameters were used in the equation set given in Appendix 
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Table V. Model Parameters  Used to Describe 
the Intraocular Disposition of Pilocarpine 

Parameter  Value a 

KT, C 0.545 
K AH, C 11.0 
QAH 3.11 
KAH b 1.7 X 10-4; 

[16.5 log CA~ 4-30] 
KAH, L 0.990 
KAI-t,x 1.80 
K ,  5.95 

~Units of all parameters  are tzl min -1. 
blf CAH was less than 0 . 0 1 5 / x g m l - l , K a H  was 
assumed to be zero. 

B (Table A1). The equation set was solved, simultaneously, using Ham- 
ming's predictor-corrector method (17) and a digital computer (Honeywell 
Model 66/60). Figure 6 is a comparison of the model-predicted and 
experimentally determined concentration-time profiles. Except for KAn, C, 
which is the mass transfer coefficient associated with the movement of 
pilocarpine between the cornea and aqueous humor, all of the mass transfer 
coefficients used were within the 95% confidence limits of the estimates 
obtained for these parameters from the in vitro equilibrium studies, 

From Fig. 6, it can be seen that reasonable agreement was obtained 
between the experimentally observed concentrations of pilocarpine in the 
cornea and aqueous humor and those predicted by the model. In this figure, 
drug concentrations refer to pilocarpine alkaloid. For the iris, the model 
predicted profile appeared to be slightly lower than that observed experi- 
mentally. This discrepancy may have been due to the fact that either the 
intrinsic mass transfer coefficient or equilibrium distribution coefficient or 
both of these parameters for pilocarpine and the iris, determined from the 
in vitro studies, may be in error, possibly because of drug metabolism in 
this tissue. For the lens, experimental drug concentrations at early times 
were reasonably predicted; however, at late times the model over-predicted 
the experimentally observed drug concentrations. This is probably due, at 
least in part, to the fact that the lens can also exchange drug with the 
vitreous humor, which was not included in the model. Additionally, while 
the lens was considered as a homogeneous compartment, its size and 
structure might demand a distributed parameter approach. Due to the size 
and structure of the lens, it may be possible that during the in vitro 
equilibration studies, only a pseudoequilibrium was reached. That is, 
pilocarpine may have equilibrated with the external tissues of the lens 
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Fig. 6. comparison of model-predicted and experimentally determined con- 
centrations of pilocarpine in ocular tissues following the topical instillation of 
25 pJ of 1.00 • 10 _2 M pilocarpine nitrate, pH 7.2. Cornea: open circles, experi- 
mental; dashed line, model predicted. Aqueous humor: right-filled circles, 
experimental; dotted line, model predicted. Iris-ciliary body: solid circles, 
experimental; dash-dot line, model predicted. Lens: left-filled circles, experi- 
mental; solid line, model predicted. 
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without reaching a uniform distribution in the entire tissue. Similarly, it is 
possible that the amount of drug present in this tissue following topical 
instillation, during the time course of this study (2 hr), was also not uniformly 
distributed. 

CONCLUSIONS 

It has been shown that the intraocular disposition of pilocarpine in 
rabbits can be described by a physiologically based pharmacokinetic model. 
In vitro tissue incubation studies appear to provide reasonable estimates 
of the rate of drug uptake by individual ocular tissues as well as estimates 
of the equilibrium distribution coefficients for drug between an aqueous 
solution and ocular tissues. The model confirms experimental findings that 
pilocarpine is widely distributed in intraocular tissues and predicts, with 
some accuracy, the time course of drug in these tissues. Since pharmacologic 
sites of action are often located in these tissues, such predictive capability 
is particularly significant. Further, it appears that aqueous humor turnover 
accounts for less than half of the total intraocular clearance of pilocarpine, 
the remainder possibly due to removal via local circulation. The model 
does not account for drug metabolism in ocular tissues, nor is the vitreous 
humor included as a physiologic compartment. In addition, an explicit 
representation of the precorneal area is not included. These refinements 
as well as separate descriptions of the movement of nonionized and 
monoprotonated pilocarpine should allow prediction of intraocular tissue 
concentrations of drug under a variety of dosing conditions. 

APPENDIX A 

Mathematical Description of the In Vitro System Used for Determining 
the Equilibrium Distribution Coefficient and Mass Transfer Coefficient 
for Pilocarpine Between Aqueous Solutions and Ocular Tissues 

Figure A1 is a schematic of the experimental system used to quantitate 
the rate of uptake of pilocarpine by ocular tissues such as the cornea, 
iris-ciliary body, and lens. The system is composed of two volumes, the 
drug solution (incubate) and one of the individual ocular tissues. Cx and 
Cr represent the total concentration of drug in the incubate and tissue, 
respectively, at any given time t. VI and Vr are the respective volumes of 
the two compartments. 

In the model, it was assumed that the rate of change of mass in each 
of the compartments was first-order with respect to pilocarpine and that 
the compartments were homogeneous. Equations (A1) and (A2) can be 
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used to describe the rate of change of mass of pilocarpine in the incubate 
and tissue compartments, respectively: 

dCiVi  
yC I --~ OC T (A1) 

dt 

dCrVT 
- OCT + yC~ (A2) 

dt 

In these equations, y and 0 are hybrid mass transfer coefficients which 
reflect the total clearance of pilocarpine between the two compartments. 

At equilibrium, 

dCi dCr 
= 0 (A3) 

dt dt 

Therefore, either Eq. (A1) or (A2) can be rearranged to define the equi- 
librium distribution coefficient R for the total concentration of drug in the 
incubate and tissue: 

[CT] = 7 =  R (A4) 
[CIJ  Eo 0 

This equilibrium distribution coefficient can then be used to redefine 
0, in terms of y and R, thereby simplifying Eqs. (A1) and (A2). The 
simplified equations can be readily solved, using Laplace transforms and 
the boundary conditions of Cr = 0 and CI = Co at t = 0. This results in the 
following explicit expressions for the total concentration of drug in the 
incubate and tissue as a function of time: 

Cz - V~ + VTR ~" V~ + VTR exp - ~VTR-) ) tJ (A5) 

cov, R I1- 
C r = V , + V r R I  expl_ \ V, VrR ] q }  (A6) 
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Dividing Eq. (A6) by (A5) yields the following expression: 

CT VtR  (1 - e x,) 

CI - VI + VTR e -~' 

where 

y (  VI + V r R  ) 
X -  

VI VTR 

(A7) 

which describes the distribution of pilocarpine between the incubate and 
tissue as a function of time. If CT/C~ is plotted versus time, the plateau 
portion of the curve can be extrapolated to the y axis to determine 
(CT/CI)Eo,  the equilibrium distribution coefficient. Once the value for R 
has been obtained, the value of y can be determined using the following 
rearranged form of Eq. (A5): 

V W T R  [G(V, + V~-R ) - Co V,] = 
11i + V r R  In Co--VrR .j - y t  (A8) 

Since y was defined as the mass transfer coefficient for the total 
movement  of pilocarpine from the incubate into the tissue, it is, in fact, a 
hybrid parameter.  It can be expressed in terms of its components as shown 
below: 

3' = 3'BfB + 3'B~§ + (A9) 

where yB and y~H+ are the intrinsic mass transfer coefficients associated 
with the movement  of nonionized and monoprotonated pilocarpine, and 
fB and fBH + represent the fraction of the total drug present in each of these 
forms. At pH 7.2, fB ~ 0.7 and fBn  § = 0.3. No information is available, 
however, relative to the magnitudes of yB and yBH+. Due to the lipoidal 
nature of biological membranes, it is probably reasonable to assume that 
yB is greater than yBH +. Also, fB is approximately two times greater than 
fnH +. Therefore,  it was assumed that the overall rate of change of pilocar- 
pine between the incubate and tissue was due primarily to the movement 
of nonionized pilocarpine, or that 

3/BKa 
3; ~ (A10) 

Ko + [H +] 

Keeping this assumption in mind, the mass transfer coefficient yB associated 
with the movement  of nonionized pilocarpine can be approximated by 
multiplying the negative of the slope of the line obtained from Eq. (8) by 
a factor of ( K ,  + [H+])/Ka,  using pKa = 6.85 (18). 
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The mass transfer coefficients determined for pilocarpine, between 
buffered aqueous solutions and ocular tissues, are dependent  on the surface 
area of the tissue that is exposed to the bathing solution. Therefore,  in an 
attempt to approximate in vivo conditions more closely, the values reported 
in Table IV were corrected for surface area of exposure before use in the 
model. For the cornea and lens, the mass transfer coefficients were halved 
since only one side of these tissues is exposed to aqueous humor. In vivo, 
however, nearly all surfaces of the iris are bathed by aqueous humor;  
therefore, it was felt that the mass transfer coefficient determined in vitro 
would provide a reasonable estimate of the in vivo parameter.  

APPENDIX B 

Differential Mass Balance Equations for Pilocarpine in the Cornea, 
Aqueous Humor, Iris-Ciliary Body, and Lens Describing the Intraoeular 
Disposition of Pilocarpine 

The differential mass balance equations for pilocarpine in the individual 
ocular tissues, depicted in the model shown in Fig. 4, are given in Table 
A1. The driving force for drug movement  was established by mathematically 
describing the experimentally observed tear concentration-time profile CT 

Table A1, Differential Mass Balance Equations for Pilocarpine in Ocular Tissues 

Cornea 

dC~ - - 2  
dt Vc 

K. ~r c,~ r Ko ~r c.7 
KT'C[K a +~'H+]TJ [ CT-mccJ + KAH'C[K a + ~+]AH-J [ CAH--RcJ 

Aqueous humor 

dCAH 

dt 
K~ Cc Cr 

Ka+[H+]AH[KAH'C(Rc CAH)+KAH'I(RI--CAH)+KAH'L(~L--CAH)] -CAH[OAH+KAH] 

Iris-ciliary body 

Lens 

dG 

VAH 

K~ + [H+L,H 
dt 

d ~  

�89 

K~ C~ 

dt VL 
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for pilocarpine following the topical instillation of 25 tzl of 1.00 • 10 -2 M 
pilocarpine nitrate. Solution of the model indicated that only tear drug 
concentrations during the first 5 rain postinstillation were critical in 
establishing the concentration gradient of pilocarpine between the precor- 
heal area and the cornea. 

In the model, it was assumed that transport of ionized pilocarpine was 
negligible compared to the movement of nonionized drug. Therefore,  to 
describe transport processes, the total concentration of pilocarpine was 
converted to the concentration of nonionized pilocarpine. Values for tear 
pH were determined experimentally, and the pH of the aqueous humor 
was set at 7.57 (13). Ocular tissue pH data were not available; therefore, 
it was assumed that drug transfer at tissue surfaces (i.e., between compart- 
ments) was controlled by the pH of the bathing fluid (e.g., tears or aqueous 
humor). 

If more information was available, relative to the pH of the individual 
ocular tissues, as well as the relative magnitudes of the intrinsic mass 
transfer coefficients associated with the movement  of nonionized and ion- 
ized drug, CI and CT could be described as a function of time using Eqs. 
( A l l )  and (A12): 

1 Z T 
dCi [ {fBCT .cI C~, +{JCBHq-CT fIBH+CI) J ( A l l )  
dt =~-I tTB~--R - - - I B  z]~-ysn ~- 

dt VT ~/B f ~ G  - + TBH + fmq+Ct (A12) 

In these equations, fn and fsn+ again represent the fraction of total drug 
present in the neutral and monoprotonated forms, respectively. The super- 
scripts on these terms indicate whether the fraction is determined as a 
function of tissue pH or pH of the bathing fluid. Experiments to determine 
the magnitude of these parameters are currently in progress. 
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